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ABSTRACT

Introduction: Retinoblastoma (RB) is  a  highly aggressive  eye tumor  and directly  affects

many children due to  socioeconomic  and medical  constraints.  Although there  are  various

approaches to the treatment of RB, satisfactory results cannot be obtained. Natural products of

plant origin have shown definite therapeutic effects in the treatment of various tumors and are

widely used in  the study of RB. Curcumin (Cur) is  closely related to  the expression and

activity of various regulatory proteins. In this study, the anticancer roles of the combination of

curcumin with a strong chemotherapy agent such as adryamycin (Adr) were demonstrated.

Materials and methods: The human retinoblastoma cell line WERI-Rb-1 (HTB-169) was

used in the study. It was determined that cytotoxicity increased in cancer cells treated with

IC50 doses of Cur and Adr for 48 hours in combined applications. Differences in mRNA

levels of Caspase-3, P53 and Survivin genes, which are important triggers and regulators of

apoptosis in treated cells, were determined by quantitative simultaneous PCR (qRT-PCR).

Results: While it was determined that Cur and Adr application caused a significant increase

in both Caspase-3 and P53 mRNA levels, a significant decrease was detected in the mRNA

level of Survivin (p < 0.05). In this study, it was shown for the first time that Cur and Adr can



exhibit anti-cancer properties by triggering the apoptosis death pathway in retinoblastoma cell

lines.
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INTRODUCTION

Retinoblastoma (RT) is a malignant childhood tumor originating from the nerve layer of the

retina. In cases where it is diagnosed late, eye loss is inevitable, and unfortunately, some cases

result in death. There is a positive family history in 90% [10]. It is usually diagnosed around

the age of two, while some cases can be detected later. Since retinoblastoma progresses by

destroying tissues, vision is completely lost after a certain period of time. However, there is a

chance for effective treatment with early diagnosis [6]. In the past decade, chemotherapy and

localized treatment methods (cryotherapy, brachytherapy, thermotherapy, etc.) have been used

to preserve vision in intraocular RB treatment [13]. Thanks to these treatments, most patients

no longer need ‘external beam radiotherapy’. However, it is still used as a salvage treatment

in tumors resistant to chemotherapy [18]. 

Caspases  are  cysteine  proteases  and break the  peptide  bond after  aspartic  acid.  They are

inactive  in  the cell,  but  they activate  each other  proteolytically.  They cause apoptosis  by

cutting 100 different target proteins. They inactivate enzymes required for DNA repair and

replication. They cause cell membrane budding by cutting cytoskeletal proteins [3]. Caspase-

3,  which  triggers  apoptosis  through the  intrinsic  pathway,  is  initiated  by  the  apoptosome

cleaving caspase9 and activating it, and the conversion of procaspase-3 into active caspase-3.

Active  caspase-3 also  inactivates  ICAD (Inactive  Caspase-activating  DNase)  and releases

CAD (Caspase-activating DNase). CAD causes chromatin condensation in the nucleus and

DNA fragmentation into nucleosomal subunits [4]. 

The results obtained from epidemiological studies support the use of safe, non-toxic natural

compounds  in  the  human  diet.  Curcumin  [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-

hepatadiene-3,5-dione; diferulolylmethane] is a compound found in the rhizomes of Curcuma

plants  and  is  the  main  component  of  turmeric.  Curcumin  is  used  in  many  pathological

conditions such as metabolic diseases, inflammatory disorders, liver diseases. It is known that

this  molecule affects  growth factors, enzymes, transcription factors, kinases, inflammatory

cytokines, apoptotic and anti-apoptotic proteins while acting against cancer development and

cell proliferation. Thanks to these properties, its use by itself or in combination with other

drugs is seen as a promising option [7, 23]. 



In this study, the apoptosis inducing and regulating mechanism of curcumin and adriamycin in

retinoblastoma  cells  was  investigated  individually  and  in  combination.  In  particular,  the

synergistic  or  antagonistic  interactions  of  these  agents,  whose  anticancer  properties  were

emphasized  in  different  studies,  were  evaluated  in  combination  applications.  It  was

determined that cytotoxicity increased and apoptosis was induced with the combination of

Cur and Adr.

MATERIALS AND  METHODS

Histological analysis

To assess  the  apoptotic  effects  of  curcumin  (Cur)  and  adriamycin  (Adr)  on  WERI-Rb-1

retinoblastoma cells, haematoxylin and eosin (H&E) was employed as histological staining

technique.

Haematoxylin and eosin staining

General  morphological  evaluation  of  nuclear  and  cytoplasmic  alterations  in  treated  cells.

WERI-Rb-1 cells were cultured on sterile coverslips placed in 6-well plates and treated with

Cur (64.6  µM), Adr (56.9 nM), and Cur + Adr combination for 48 hours. After incubation,

cells were fixed in 4% paraformaldehyde (PFA) for 15 minutes at room temperature. Fixed

cells  were  washed  with  phosphate-buffered  saline  (PBS,  pH  7.4)  and  stained  using  the

standard H&E protocol. Cells were immersed in hematoxylin for 5 minutes, followed by tap

water washing. Slides were dipped in acid-alcohol differentiation solution for 30 seconds and

washed  again.  Cells  were  then  counterstained  with  eosin  for  2  minutes  and  washed

thoroughly. Coverslips were mounted using DPX mounting medium and examined under a

light  microscope  (40×  magnification,  Olympus,  Tokyo,  Japan).  Morphological  changes

(chromatin condensation, nuclear fragmentation, apoptotic bodies, and cytoplasmic shrinkage)

were recorded and analyzed.

The study was conducted in three different stages. In the first stage, the cytotoxic doses of Cur

and Adr in WERI-Rb-1 cells were determined. After determining the Cur and Adr doses to be

administered to the experimental groups, the experimental groups were formed. In the second

stage, cells were produced in a minimum of 5 flasks in each group, and the determined Cur

and Adr doses were applied to the experimental groups.

In vitro analyses



WERI-Rb-1 cell lines were purchased from ATCC (HTB-169) and cultured in RPMI 1640

(Sigma) medium containing 10% fetal bovine serum (FBS), 100U/ml penicillin, 200 μg/mL

streptomycin,  L-glutamine and Hepes in a  humidified environment  containing 5% CO2 at

37°C. Cells were seeded in six-well culture dishes at 1x106 cells/well and cultured with 10–

1000 nM Adr and 10–1000 µM Cur for 48 hours.

Antagonistic-synergistic effect and MTT assay

To  determine  IC50  doses  of  curcumin  and  adriamycin  and  to  reveal  their  antagonistic-

synergistic effects, WERI-Rb-1 cell line was seeded in 96-well culture plates. After one night,

adriamycin was applied at 8 different concentrations ranging from 10–1000 nM and curcumin

at 10–1000 µM and the plates were incubated for 48 hours. After incubation, MTT assay was

performed for cell survival analyses. For this purpose, 20 µL of previously prepared ‘Yellow

tetrazolium  MTT  (3-(4,  5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium  bromide)’  test

solution was added to each well. After 4 hours of incubation, the media in the wells were

removed and 200  µL of DMSO (Merck,  Rahway,  NJ, USA) was added to the wells  and

incubated in  the dark for  4  hours.  After  that,  the plates  were read  with a  Multiskan GO

microplate reader (Thermo Scientific, Waltham, MA, USA) at 492 nm wavelength. The value

of the vehicle-applied group was taken as 100% viability and the comparative viability ratio

was determined. For the dose-response square, the application was repeated 5 times in 1 96-

well  plate.  Using  the  data  obtained  as  a  result  of  the  MTT analysis,  the  antagonistic-

synergistic effects of the agents were determined with Combenefit (Cambridge, UK) software.

Total antioxidant status

In the study, total antioxidant status (TAS) levels were determined using a commercial kit

(Rell  Assay,  Mega  Tıp,  Gaziantep,  Turkey).  First,  standard  solutions  were  prepared  at  5

different concentrations (0.125–0.25–0.5–1–2 mmol trolox) using the standards provided with

the  kit.  Then,  a  calibration  curve  was  prepared  and  TAS  levels  in  the  samples  were

determined.

Total oxidant status

Total oxidant status (TOS) levels in cell lysates were determined using a commercial kit (Rell

Assay,  Gaziantep,  Turkey).  After  performing  the  procedures  stated  in  the  kit  protocol,

absorbance values  of the samples and the standard provided with the kit were determined.



Using these absorbance values, TOS levels in the samples were calculated using the formula

given in the kit protocol (TOS = [(∆Absnumune) / (∆Absstandart)] *20).

Oxidative stress index (OSI)

In the presented study, oxidative stress levels in the samples were calculated by dividing TOS

levels by TAS levels (OSI = [(TOS/TAS) x 100]) [1].

Wound healing assay

WERI-Rb-1 cells were seeded into culture plates at approximately 400,000 cells/well. After

the cells proliferated, a wound was opened on the wells using a sterile micropipette tip. The

cells  removed by scraping were  washed with  PBS (Gibco,  Grand Island,  NY, USA) and

removed from the medium. Then, the vehicle, medium containing Cur IC50, Adr IC50 and

Cur IC50+Adr IC50 agents using 48-hour IC50 values were added to these wells. Cells were

imaged using the Thermo EVOS® FL Imaging System at hour 0, and the wound in the control

group was checked until it was completely closed. In the control group, the experiment was

terminated  at  hour  30  when  the  wound  was  90–100%  closed,  and  wound  healing  (cell

migration)  was  photographed.  Wound  aperture  was  measured  manually  using  Image  J

software, 4 measurements were made in the widest and narrowest areas in each well in a total

of 3 wells, and a total of 12 data were used in the analyses for each group. The cell migration

rate was determined compared to the vehicle-applied group.

Total RNA isolation and cDNA synthesis

WERI-Rb-1 cells were seeded into 25 cm2 culture flasks and incubated until the logarithmic

phase was reached. When the cells reached the logarithmic phase, Vehicle control, Cur IC50:

64.6  μM, Adr IC50:  56.9 nM were applied individually and in  combination.  RNAs were

isolated from the samples 72 hours after the application. Purelink RNA mini kit (Thermo) was

preferred for isolation. The purity of the collected RNAs was determined by Optizen NanoQ

microvolume spectrophotometer (Mecasys, Daejeon, South Korea) and all were equalized to

750 ng/10  μL with ultrapure water. After equalization, RNAs were amplified by PCR and

complementary  DNA synthesis  was  performed.  For  this,  High-Capacity  cDNA Reverse

Transcription Kit (Life Technologies, Carlsbad, CA, USA) was used.

qRT-PCR



Expression levels of  Caspase-3, P53 and Survivin genes responsible for apoptosis signaling

pathways in control and treatment groups of retinoblastoma cells were determined by qRT-

PCR method. Primers used to investigate changes in the expression of these genes are given

below in 5’-3’ order.

Caspase-3: F: GCCAAGGCACGAGTAACAAGC, R: AGGGCAATGAGGACATAACC

P53: F: ATGTGTGTGGAGAGCGTCAA, R: ACAGTTCCACAAAGGCATCC

Survivin: F: ACCGCATCTCTACATTCAAG, R: CAAGTCTGGCTCGTTCTC

β-Actin: F: CCTCTGAACCCTAAGGCCAAC, R: TGCCACAGGATTCCATACCC

GAPDH: F:CGGAGTCAACGGATTTGGTCGTAT,R:GCCTTCTCCATGGTGGTGAAGAC

In the study,  cDNAs were amplified using Applied Biosystems QuantStudio 5 Real-Time

PCR device. Endogenous control GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and

β-actin mRNA expressions were used as control methods as calibration and correction factors.

Western blotting 

WERI-Rb-1 cells were seeded in 75 cm2 culture flasks and Vehicle control, Cur IC50: 64.6

μM, Adr IC50: 56.9 nM were applied individually and in combination. Protein isolation was

performed  after  72  hours.  Western  Breze  brand  ready-made  kits  obtained  from  Thermo

Scientific  were used  in  the  study.  Blotting  and transfer  to  membrane were performed by

following the iBlot 2 (Life Technologies) system kit protocols. After blotting, Anti-Caspase-3

monoclonal Antibody (Invotrogen, CAT no: 35-1600Z), Anti-p53 (Invotrogen, CAT no: MA5-

11296), Beta actin Antibody (Invitrogen, CAT no: MA1-140) specific primary antibodies were

applied to the proteins,  then labeled with secondary antibodies and visualized with Micro

ChemiDoc (DNR Bio-Imaging Systems Ltd, USA) gel imaging system. Band intensities were

calculated using GelQuant software.

Methodological approach for genetic analysis

The  gene  map  was  generated  using  the  network-based  visualization  approach,  which  is

commonly  used  in  systems  biology  and  computational  genomics  to  illustrate  interactions

between molecules in a biological system.

Data collection and processing

Input data. The analysis was based on literature data regarding Curcumin and Adriamycin's

effect on apoptotic signaling pathways in WERI-Rb-1 retinoblastoma cells.



Key  genes  selected: Caspase-3  (Pro-apoptotic)P53  (Tumor  suppressor),  Survivin  (Anti-

apoptotic), Mitochondrial Apoptosis Pathway.

Drug-target interaction: The molecular effect of Curcumin and Adriamycin on these genes

was integrated into the model.

Gene interaction network construction

A directed graph (DiGraph) was constructed using NetworkX, a Python-based graph analysis

library. Nodes (genes and cellular processes) and edges (biological interactions) were defined.

Statistical analysis

In the study, the difference between the averages of cell viability rates and gene expression

levels was determined by one-way ANOVA and the groups in which the averages entered

were determined by Tukey HSD test. In two-group comparisons, t-test was used according to

the  homogeneity  of  the  data.  Analyses  were  performed with  SPSS 20,  (IBM, USA) and

Graphpad programs, and p < 0.05 was used.

RESULTS

Histological findings

Control group (untreated cells)

The control  group represents  untreated  WERI-Rb-1 retinoblastoma cells,  exhibiting  intact

morphology. Cells display round nuclei with a homogeneous chromatin pattern, indicative of

healthy  cellular  status.  No  signs  of  apoptosis  such  as  chromatin  condensation,  nuclear

fragmentation, or apoptotic bodies are observed. The cytoplasm appears uniform, and there is

no  significant  cell  shrinkage  or  membrane  blebbing.  Cells  maintain  tight  intercellular

connections, indicating stable adhesion and normal proliferation (Figure 1A, Table 1).

Curcumin-treated group

Cells  treated  with  curcumin  (64.6  µM)  display  early  apoptotic  changes.  Chromatin

condensation is noticeable, with nuclei appearing darker and more compact. Mild cytoplasmic

shrinkage is observed, but the overall structure remains relatively intact. Some cells exhibit

membrane blebbing, an early marker of apoptosis. A moderate number of apoptotic bodies are

visible, suggesting that curcumin alone initiates apoptotic pathways. Intercellular connections

appear slightly disrupted, but not completely lost (Fig. 1B, Tab. 1).



Adriamycin-treated group

Cells treated with adriamycin (56.9 nM) show pronounced apoptotic and necrotic features.

Nuclear fragmentation (karyorrhexis) and chromatin condensation (pyknosis) are prominent.

Mitochondrial  swelling  and  cytoplasmic  vacuolation  suggest  stress-induced  damage.  A

significant loss of cell volume is evident, indicating apoptosis-induced shrinkage. Increased

membrane blebbing and detachment from the extracellular matrix suggest that adriamycin

disrupts  cell  integrity.  A higher  number  of  apoptotic  bodies  are  detected  compared  to

curcumin treatment alone (Fig. 1C, Tab. 1).

Curcumin + adriamycin combination group

The  combination  treatment  induces  the  strongest  apoptotic  response  among  all  groups.

Extensive  nuclear  condensation  and  fragmentation  are  observed,  confirming  apoptotic

induction. A high number of apoptotic bodies are present, indicating accelerated cell death.

Severe membrane blebbing and detachment suggest that cells are undergoing final stages of

apoptosis. Cytoplasmic shrinkage is more pronounced, with cells appearing smaller and more

compact. Intercellular adhesion is severely disrupted, leading to increased cell detachment and

loss of uniformity. The highest level of morphological damage is observed, confirming the

synergistic pro-apoptotic effect of curcumin and adriamycin (Fig. 1D, Tab. 1).

Summary of histological findings

The  histological  analysis  confirms  that curcumin  and  adriamycin  synergistically  enhance

apoptosis in retinoblastoma cells, with the combination group displaying the most significant

apoptotic and necrotic  changes.  These findings  suggest  that curcumin potentiates the pro-

apoptotic effects of adriamycin,  making their combination a promising therapeutic strategy

for retinoblastoma treatment.

Cytotoxicity, antagonism, synergism

To determine the cytotoxicity of curcumin (10–1000 μM) and adriamycin (10–1000 nM) in

WERI-Rb-1 cells, 8 different doses were used. It was seen that the cytotoxicity of curcumin

increased at doses of 100 μM and higher. It was determined that doses in the range of 250–



1000  μM might have high cytotoxicity. The obtained data were evaluated with a statistical

program and the acute mean toxic dose (IC50) of Cur in WERI-Rb-1 cells was determined as

64.6 μM during 48-hour exposure. The IC50 dose of adriamycin was determined as 56.9 nM

during 48-hour application. It was observed that cytotoxicity increased starting from the dose

of 30 nM in Adr application. These determined doses were later determined as the doses used

in determining other parameters (Fig. 2). In the first step of the study, in order to determine

the IC50 doses of Cur and Adr applications on human retinoblastoma cell lines, The IC50

values determined for Cur and Adr during the 48-hour application period are given in Figure

2. In this study, a dose-dependent lethal effect was observed in retinoblastoma cells with Cur

and Adr applications. Figure 3A, prepared based on MTT analysis data, shows that curcumin

decreased cell viability in a dose-dependent manner.  In combined applications, Adr added to

Cur application reduced the Adr dose required for lethal effect in retinoblastoma cancer cells

(Fig. 3B). This effect was also significantly evident in the combined doses of Cur + Adr (Fig.

3C). Doses below the IC50 doses of both agents alone did not show a strong synergistic effect

in  the  Loewe scoring,  respectively,  when applied  together.  However,  a  strong synergistic

effect was observed especially in combined applications above 50 µM Cur and 250 nM Adr

doses. This effect was also found to be statistically significant. These results show that the

combined  applications  of  Cur  and  Adr  responded  with  a  high  synergistic  effect  in

retinoblastoma cell lines at high doses (Fig. 3).

Oxidative stress results

As  a  result  of  the  analyses,  the  highest  TAS  level  among  the  experimental  groups  was

measured in the Cur group. It was determined that when Adr and Cur+Adr treatments were

applied to the experimental groups, there was a decrease in TAS levels and this  decrease

created a statistically significant difference (Fig. 4A). When the TOS data were examined, a

very  low significant  difference  was  determined  between  the  control  group and  the  other

experimental groups. Statistical significance was determined as p < 0.05 between the control

group and Cur Adr treatment groups, and p < 0.01 between the control and Cur+Adr treatment

groups (Fig. 4B). When the OSI values, which are good guides in the evaluation of oxidative

stress, were examined, the group with the lowest oxidative stress index was determined as the

Cur treatment group, and the group with the highest oxidative stress index was determined as

the Adr treatment group. When the statistical differences between the groups were examined,

p<0.001 was determined between the control group and the Cur treatment group, and p < 0.01

between the control and the Cur + Adr treatment group. No statistically significant difference



was determined as p > 0.05 between the control group and the Adr group (Fig. 4C). When the

data were examined, it was determined that the Adr group with the highest OSI value did not

differ statistically from the control group, while the other groups with lower OSI values (Cur

and Cur + Adr) differed statistically from the control group.

Cell migration results

The images of the wound healing results applied to analyze the cell migration results, taken at

4× magnification at 0 and 30 hours, are shown in Figure 5. The wound healing assay figure

evaluates  cell  migration  and  wound  closure  under  different  treatment  conditions.  The

microscopic  images  show the  extent  of  wound closure  in  each group.  The control  group

exhibits the highest wound healing rate with significant closure of the wound area. The Cur

group shows a moderate reduction in wound healing compared to the control. The Adr group

demonstrates  a  significant  decrease  in  wound  healing,  with  a  wider  open  wound  area,

indicating inhibition of cell migration. The Cur+Adr group has the lowest wound healing rate,

suggesting the strongest inhibition of migration. The bar graph quantifies the wound healing

rates,  where  the  control  group  is  the  highest,  followed  by  Cur,  Adr,  and  Cur  +  Adr,

respectively. Statistical analysis shows significant differences between groups. The p-value

between the control and Cur groups is 0.001, indicating a moderate reduction in migration.

The p-value between the control and Adr groups is 0.0001, confirming a highly significant

reduction in migration. The p-value between the control and Cur + Adr groups is also 0.0001,

indicating  the  strongest  inhibitory  effect  on  wound  closure.  These  results  suggest  that

Curcumin alone impairs cell migration, Adriamycin alone significantly reduces migration, and

the combination of Curcumin and Adriamycin has the most pronounced inhibitory effect. This

suggests  that  Cur and Adr treatments  impair  cell  motility,  potentially  limiting cancer  cell

metastasis.

Effects of curcumin and adriamycin on apoptosis

The effects of Cur and Adr on apoptosis (caspase-3, p53, survivin) in retinoblastoma cells

were determined by comparing the mRNA expression levels of each group of the analyzed

genes with the control group. The Figure 6 presents the relative mRNA expression levels of

apoptosis-related genes Caspase-3, P53, and Survivin in different treatment groups. 

In  Figure  6A,  Caspase-3  expression  is  significantly  increased  in  all  treatment  groups

compared to the control. The Cur group shows a moderate increase, while the Adr and Cur +

Adr groups exhibit the highest expression levels. Statistical significance is indicated by p <



0.001 for Cur and p < 0.0001 for Adr and Cur+Adr, suggesting that both treatments strongly

induce Caspase-3 expression, with the combination having the most potent effect.

In Figure 6B, P53 expression is significantly upregulated in all treatment groups compared to

the control. The Cur group shows a moderate increase (p < 0.001), while Adr and Cur+Adr

treatments result in a stronger induction (p < 0.0001), indicating that these treatments activate

apoptotic pathways through P53 upregulation.

In Figure 6C, Survivin expression is reduced in all treatment groups compared to the control,

with the Cur group showing a moderate decrease (p < 0.01), Adr showing a greater reduction

(p < 0.001), and Cur + Adr exhibiting the most pronounced decrease (p < 0.0001). Since

Survivin is an anti-apoptotic gene, its downregulation suggests that Cur, Adr, and particularly

Cur+Adr promote apoptosis.

When Cur was applied to WERI-Rb-1 cells at an IC50 dose, a significant increase in Caspase-

3 and P53 expression was observed,  while  Survivin  expression decreased,  indicating  that

Curcumin alone induces apoptosis.  Additionally,  IC50 doses for 48 hours after  single and

combined  drug  administration  indicate  that  Cur  and  Adr  individually  require  higher

concentrations  to  achieve  a  50% cytotoxic  effect,  whereas  their  combination  reduces  the

required doses, demonstrating a synergistic effect in inducing apoptosis. This suggests that

Cur+Adr treatment enhances apoptotic signaling more effectively than single-agent therapy,

further supporting its potential therapeutic use in retinoblastoma.

Western blott findings

The Figure 7 presents the protein expression levels of Caspase-3 and P53 in WERI-Rb-1 cells

after 72 hours of treatment with Curcumin (IC50: 64.6 μM), Adriamycin (IC50: 56.9 nM), and

their combination. The Western blot image shows distinct bands for Caspase-3, P53, and β-

Actin across control and treatment groups. The β-Actin band serves as a loading control to

ensure equal  protein loading.  The expression levels  of Caspase-3 and P53 increase in  all

treatment groups compared to the control, with the highest expression observed in the Cur +

Adr group. The quantification graph illustrates a dose-dependent upregulation of Caspase-3

and  P53,  with  Cur  and  Adr  individually  inducing  significant  expression,  while  their

combination further amplifies this effect. The results indicate that Curcumin and Adriamycin

enhance  apoptosis  through  upregulation  of  Caspase-3  and  P53,  with  the  combination

treatment having the most potent apoptotic effect. This supports the potential synergistic role

of Cur + Adr in promoting apoptosis in retinoblastoma cells (Fig. 7).



Genetic analysis results

The genetic interaction analysis provides strong evidence that Curcumin and Adriamycin act

synergistically  to  promote  apoptosis in  retinoblastoma  cells.  By  upregulating  P53  and

Caspase-3 while downregulating Survivin,  this combination  maximizes apoptotic induction

and demonstrates therapeutic potential for treating retinoblastoma (Fig. 8).

DISCUSSION

In  this  study,  we  demonstrated  the  synergistic  pro-apoptotic  effect  of  Curcumin  and

Adriamycin in WERI-Rb-1 retinoblastoma cells, highlighting their potential as a combination

therapy. The findings indicate that Cur and Adr significantly upregulate apoptotic markers,

particularly  Caspase-3 and P53,  while  downregulating  Survivin,  an anti-apoptotic  protein.

Western blot and qRT-PCR analyses confirmed that the combination treatment resulted in the

highest induction of apoptosis, suggesting a synergistic interaction between Cur and Adr. The

IC50 dose analysis revealed that Cur and Adr individually required higher concentrations to

induce  cytotoxicity,  whereas  their  combination  significantly  lowered  the  effective  doses,

further supporting a synergistic apoptotic mechanism. These results  suggest that curcumin

enhances the apoptotic potential of adriamycin, making the combination a promising strategy

for improving therapeutic efficacy and reducing drug toxicity in retinoblastoma treatment.

Antioxidant substances such as curcumin show anticarcinogenic activity at high doses, while

at low doses they can increase the proliferation of both body cells  and cancer cells. This

situation may lead to further progression of cancer, considering that the reproductive capacity

of cancer cells is more advanced than normal cells. However, in the presented study, it was

determined that it stimulated apoptosis without affecting proliferation when applied together

with the chemotherapeutic agent adriamycin. Our recent studies have shown that curcumin

down-regulates RAS/RAF expression at mRNA and protein levels and up-regulates caspase-3

expression in uterine cancer cell lines [9]. It has also been reported that curcumin up-regulates

p53 expression in LNCaP cells. Moreover, it has been emphasized that in LNCaP cells treated

with curcumin, Bax and p53 increase the production of reactive oxygen species, release of

mitochondrial  proteins  (cytochrome c,  Smac)  and activation  of  caspase-3,  which  initiates

apoptosis [19]. In another study, it was shown that curcumin treatment inhibited the release of

cytochrome c and Smac/DIABLO by nullifying the Bax and Bak genes in mouse embryonic

fibroblast cells [14]. The mitochondrial stabilizing properties revealed by curcumin suggest

that this compound may use intracellular apoptosis.



Many studies  have shown that  chemotherapeutic  drugs,  radiotherapy and other  anticancer

agents sensitize cancer cells by upregulating the apoptosis pathway [2, 15, 22]. In this study,

we  showed  that  curcumin  increased  its  therapeutic  potential  in  WERI-Rb-1  cells  and

sensitized cancer cells by upregulating caspase-3. In addition, curcumin potentiates the effects

of chemotherapeutic agents and cytokines by upregulating or downregulating gene products

regulating apoptosis in many cancer types, such as gastric [21], bladder cancer [12], colorectal

[20],  prostate  cancer  [5]  and uterine  cancer  [9].  TNF-induced  gene  products  involved  in

cellular proliferation, antiapoptosis and metastasis were also downregulated by curcumin [5].

These data suggest that curcumin may regulate not only the cell-internal pathway but also the

extracellular  apoptosis  pathway and prevent  resistance to  conventional  chemotherapeutics.

Furthermore, another anticancer agent, resveratrol, has been shown to induce apoptosis in PC-

3 cells and sensitize LNCaP cells by triggering both intracellular and extracellular apoptosis

[11].

In the presented study, it was determined that oxidative stress and the expression levels of

apoptotic genes p53 and caspase-3 mRNA were stimulated in the Cur and Adr group due to

the  decrease  in  TAS levels.  Indeed,  studies  have  shown that  cytosolic  and mitochondrial

reactive  oxygen  species,  which  can  also  play  an  active  role  in  p53  stimulation,  can  be

effective in the induction of apoptosis  [8]. However, with the combined application, it was

observed that apoptosis was stimulated via caspase-3, as a difference was observed compared

to the control group in oxidative stress. This situation may have been due to endoplasmic

reticulum stress, which can develop as a response to incorrect protein folding in the formation

of  apoptosis.  However,  further  studies  are  needed  to  express  this  more  clearly.  Caspase

activation  carries  out  programmed  cell  death,  which  starts  with  DNA fragmentation  and

causes morphological changes. On the other hand, polymerases (PARP) facilitate DNA repair.

Therefore, it  is very important to investigate agents that up-regulate PARP cleavage when

effector caspases such as caspase-3, -6 and -7 are activated. Studies have shown that curcumin

causes PARP cleavage [16].

CONCLUSIONS

This study provides strong evidence that the combination of curcumin and adriamycin exerts a

potent  synergistic  anticancer  effect  in  WERI-Rb-1  retinoblastoma  cells  by  enhancing

apoptosis and modulating oxidative stress. The combined treatment significantly upregulated

apoptotic markers Caspase-3 and P53 while downregulating the anti-apoptotic Survivin gene,

as confirmed by qRT-PCR and Western blot analyses. Moreover, oxidative stress parameters



indicated that curcumin plays a crucial role in reducing total oxidant status and maintaining

cellular redox balance, thereby influencing apoptosis pathways.

Importantly, the combination of curcumin with adriamycin lowered the required IC50 doses

for cytotoxicity, demonstrating that curcumin enhances the therapeutic potential of adriamycin

while potentially minimizing its toxicity. The wound healing assay further revealed that this

combination  significantly  inhibited  cancer  cell  migration,  suggesting  a  possible  role  in

preventing  metastasis.  These  findings  align  with  previous  studies  highlighting  curcumin's

ability to regulate apoptotic pathways and sensitize cancer cells to chemotherapy, reinforcing

its promise as an adjuvant therapy.

While this study provides strong evidence for the synergistic anticancer effects of curcumin

and adriamycin in WERI-Rb-1 retinoblastoma cells, several limitations should be considered.

First,  the  study  was  conducted  in  vitro,  and  the  complex  tumor  microenvironment  of

retinoblastoma was not fully replicated. Therefore, in vivo models and clinical validation are

necessary to confirm the therapeutic efficacy and safety of this combination. Second, although

the  results  indicate  that  curcumin  enhances  apoptotic  signaling  and  oxidative  stress

modulation,  the  precise  mechanisms  of  action  remain  to  be  fully  elucidated.  Further

investigations,  particularly on endoplasmic reticulum stress pathways and PARP cleavage,

could provide deeper mechanistic insights into the apoptotic effects observed. Third, while the

study  demonstrated  that  curcumin  enhances  the  therapeutic  potential  of  adriamycin  and

reduces  the  required  IC50 dose,  potential  toxicity  and off-target  effects  in  non-cancerous

retinal cells were not assessed. Evaluating the selective cytotoxicity of this combination in

normal  retinal  cells  is  crucial  for  determining  its  clinical  applicability.  Lastly,  the  study

focused on key apoptotic markers Caspase-3, P53, and Survivin, but a more comprehensive

gene and protein  expression  analysis  using  transcriptomic  or  proteomic  approaches  could

further  clarify  the  broader  molecular  impact  of  this  combination  therapy.  Additionally,

assessing long-term effects on cancer cell survival and potential resistance mechanisms would

strengthen the translational relevance of the findings.

The findings of this study highlight the synergistic anticancer potential of curcumin

and adriamycin in WERI-Rb-1 retinoblastoma cells, providing a strong foundation for further

investigations. Future research should focus on validating these results in preclinical in vivo

models, which would better mimic the tumor microenvironment and allow for the evaluation

of  systemic  toxicity,  pharmacokinetics,  and  bioavailability  of  curcumin  in  combination

therapy.  Additionally,  while  this  study  demonstrated  that  curcumin  enhances  apoptotic

signaling and oxidative stress modulation, a deeper exploration of its molecular mechanisms



is  required.  Future  studies  should  investigate  endoplasmic  reticulum  stress  pathways,

mitochondrial dysfunction, PARP cleavage, and interactions with other apoptotic regulators,

which could further elucidate how curcumin potentiates the cytotoxic effects of adriamycin.

Another critical area for future research is the development of targeted drug delivery systems,

such as nanoparticle-based formulations or liposomal carriers, to improve the bioavailability

of  curcumin  and  enhance  its  penetration  into  retinal  tumors  while  minimizing  systemic

toxicity.  Combining curcumin  with  other  chemotherapeutic  agents  or  immune-modulating

therapies could also provide novel therapeutic strategies for overcoming drug resistance and

improving  treatment  outcomes  in  retinoblastoma.  Furthermore,  clinical  studies  will  be

essential to determine the efficacy and safety of curcumin-adriamycin combination therapy in

human patients. Assessing long-term effects, potential resistance mechanisms, and selective

toxicity in normal retinal cells will be crucial to ensuring its clinical applicability.

Conclusions

This study provides compelling evidence that the combination of curcumin and adriamycin

exerts  a  synergistic  anticancer  effect  in  WERI-Rb-1  retinoblastoma  cells  by  enhancing

apoptosis,  modulating  oxidative  stress,  and  inhibiting  cell  migration.  The  combination

treatment  significantly  upregulated  apoptotic  markers  Caspase-3  and  P53,  while

downregulating the anti-apoptotic gene Survivin, as confirmed by qRT-PCR and Western blot

analyses.  Additionally,  oxidative stress assessments revealed that curcumin plays a crucial

role  in  reducing  total  oxidant  status  and  maintaining  cellular  redox  balance,  further

contributing to apoptosis induction. The study also demonstrated that curcumin lowers the

required IC50 dose of adriamycin,  indicating that  it  enhances  the therapeutic  potential  of

adriamycin  while  potentially  minimizing  its  systemic  toxicity.  Furthermore,  the  wound

healing  assay  revealed  that  the  combination  of  curcumin  and  adriamycin  significantly

suppressed cancer cell migration, suggesting a potential role in preventing metastasis. Overall,

these findings suggest that curcumin can act as a potent adjuvant therapy in retinoblastoma

treatment, enhancing chemotherapy efficacy and reducing drug resistance. However, further

in vivo studies and clinical evaluations are necessary to validate the translational potential of

this combination. Future research should also focus on targeted drug delivery strategies and

mechanistic studies to optimize its therapeutic application. This study supports the potential of

natural compounds like curcumin in improving cancer treatment outcomes, paving the way

for safer and more effective therapeutic strategies for retinoblastoma.
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Figure  1.  The  morphological  and  apoptotic  changes  observed  in  WERI-Rb-1  cells  after

treatment  with curcumin (Cur),  adriamycin (Adr),  and their  combination (Cur+Adr) using

Hematoxylin and Eosin technique, scale bar: 50  µm, magnification: 40×.  A. Control group:

cells exhibit normal morphology with intact nuclei and no signs of apoptosis,  B.  Curcumin

treatment: early apoptotic changes are observed, including chromatin condensation and mild

cytoplasmic  shrinkage,  C.  Adriamycin  treatment:  pronounced  apoptosis  with  nuclear

fragmentation,  chromatin  condensation,  and  cytoplasmic  vacuolation,  D.  Curcumin  +

Adriamycin  combination:  strong  synergistic  apoptotic  effects,  characterized  by  extensive

nuclear condensation, apoptotic bodies, and severe membrane blebbing.



Figure 2. In WERI-Rb-1 cell lines, 8 different concentrations (10–1000) of Cur and Adr were

applied for 48 hours and IC50 values  were determined as a result of probit analysis using

combenefit  software from the data  obtained with the MTT test.  Figure  2,  presented as  a

smooth curve for a more visually appealing representation. The curves indicate the relative

cytotoxic effect of Curcumin and Adriamycin, with their IC50 values marked by dashed lines.

The  dashed  vertical  lines  indicate  the  IC50  values  for  Curcumin  (64.6  µM, orange)  and

Adriamycin (56.9 nM, red) in WERI-Rb-1 cells. The red line represents the concentration

where Adriamycin reduces cell viability by 50%, while the orange line marks the same effect

for Curcumin. These reference points help determine the effective drug concentrations for

cytotoxicity.



Figure 3A. Loewe model — % Control. This heatmap represents the percentage of viable

cells after treatment with different doses of Curcumin and Adriamycin. The color scale ranges

from high (lighter  shades,  indicating  higher  % control)  to  low (darker  shades,  indicating

greater cytotoxicity). The data suggest a dose-dependent cytotoxic effect, where increasing

doses of both agents reduce cell viability. At higher concentrations, cell survival decreases

significantly,  supporting  the  synergistic  impact  of  combination  therapy.  B. Dose-response

shift (+Cur). This line graph shows the percentage change in cell viability across different

doses of Adriamycin, with varying concentrations of Curcumin (0, 25, 50, 100, and 250 nM).

The downward trend indicates  that  as  the Curcumin concentration increases,  the  required

Adriamycin dose for cytotoxicity decreases, demonstrating a dose-dependent enhancement of

Adriamycin's cytotoxicity by Curcumin. This suggests a synergistic effect, where Curcumin

sensitizes cells to Adriamycin, requiring lower doses for a lethal impact.  C. Loewe synergy

and antagonism. This heatmap illustrates the synergistic and antagonistic interactions between

Curcumin and Adriamycin based on the Loewe synergy model. Blue regions indicate strong

synergy (values ≥ 10),  where the combination enhances cytotoxic effects  beyond additive

expectations.  Green  to  yellow  regions  indicate  weak  to  no  interaction,  where  the  drugs

function independently. Red regions indicate antagonism, where the combination results in



reduced efficacy compared to individual treatments. The majority of high-dose combinations

exhibit  a  strong  synergistic  effect,  particularly  at  higher  Adriamycin  concentrations,

supporting the potential clinical relevance of combined therapy.  D. 3D Loewe model — %

Control. This 3D surface plot visualizes the effect of Curcumin and Adriamycin combinations

on  cell  viability  (%  control).  The  peak  at  the  highest  Curcumin  and  Adriamycin  doses

represents maximum cytotoxicity, while the lower regions suggest dose-dependent reductions

in  viability.  The  smooth  transition  from  high  to  low  %  control  further  reinforces  the

synergistic relationship observed in the previous panels, where increasing both agents leads to

enhanced cytotoxicity. These statistical observations collectively support the hypothesis that

Curcumin enhances the cytotoxic effect of Adriamycin in a dose-dependent manner, making it

a potential candidate for combination therapy in cancer treatment.

Figure 4. Effect of curcumin and adriamycin on oxidative stress in WERI-Rb-1 cells. A. TAS

Levels  (Total  Antioxidant  Status).  The Curcumin group exhibited the highest  TAS levels,

significantly higher than the Control, Adr, and Cur + Adr groups. A statistically significant

increase in TAS was observed in the Cur group compared to the Control group (p = 0.001).

Adr  and  Cur  +  Adr  treatments  resulted  in  a  decrease  in  TAS  levels,  with  statistical

significance (p < 0.05) when compared to the Cur group. These results indicate that Curcumin

treatment enhances antioxidant capacity, while Adr and Cur + Adr treatments reduce it.  B.

TOS Levels (total oxidative status). The Control group had the highest TOS levels. Adr and

Cur + Adr groups showed a statistically significant reduction in TOS levels (p < 0.05 and p <

0.01, respectively) compared to the Control. The Cur group showed no significant difference



(p > 0.05) compared to Control, indicating that Curcumin alone does not significantly alter

oxidative stress. These results suggest that Cur + Adr combination therapy reduces oxidative

stress more effectively than Adr alone. C. OSI Levels (oxidative stress ındex). Adr treatment

resulted in the highest OSI values, indicating the strongest oxidative stress effect. The Cur

group had the lowest OSI value, significantly different from the Control (p = 0.001). The Cur

+ Adr group also exhibited a significant reduction in OSI compared to Control (p < 0.01). No

statistically  significant  difference  (p  >  0.05)  was  observed  between  the  Control  and  Adr

groups, suggesting that Adr alone does not significantly increase OSI compared to Control.

These  findings  indicate  that  Curcumin  significantly  reduces  oxidative  stress,  while  Adr

increases it, and the Cur+Adr combination partially counteracts the oxidative effects of Adr.

      

Figure 5. The figure presents a wound healing assay in WERI-Rb-1 cell populations treated

with Control, Curcumin (Cur) IC50: 64.6  μM, Adriamycin (Adr) IC50: 56.9 nM, and their



combination (Cur + Adr) IC50. The left panel shows representative microscopic images of the

wound area at  the initial  and final  time points.  The red  dashed lines  indicate  the  wound

boundaries, marking the initial and final positions of the cell-free area. In the control group,

the wound closure is the most prominent, indicating normal cell migration. In contrast, Cur

and Adr treatments reduce the wound healing rate, while the combination of Cur + Adr results

in  the  most  significant  inhibition of  cell  migration.  The right  panel  quantifies  the  wound

healing  rate  (%),  demonstrating  a  statistically  significant  decrease  in  migration  in  the

treatment  groups  compared  to  the  control,  with  the  Cur+Adr  combination  showing  the

greatest suppression. N = 12, and bars indicate mean ± standard error. Statistical significance

values highlight the significant differences between groups, confirming the inhibitory effects

of Cur and Adr on WERI-Rb-1 cell migration.

Figure  6. The  figure  presents  the  relative  fold  increase  in  P53  and  Caspase-3  gene

expressions and the decrease in Survivin expression in WERI-Rb-1 cell lines following 48

hours  of  treatment  with  IC50  doses  of  Curcumin  (Cur),  Adriamycin  (Adr),  and  their

combination (Cur+Adr). Each bar represents the mean expression level with standard error. A.

Caspase-3 mRNA expression shows a significant increase in all treatment groups compared to

the control,  with the highest  expression observed in  the Cur+Adr combination,  indicating

enhanced apoptotic activity. B. P53 mRNA expression is significantly upregulated in response

to  Cur  and Adr  treatments,  with  the  Cur  +  Adr  combination  exhibiting  the  greatest  fold

increase,  suggesting  activation  of  tumor  suppressor  mechanisms.  C. Survivin  mRNA



expression,  an  anti-apoptotic  gene,  is  significantly  downregulated  in  all  treated  groups

compared to the control, with the lowest expression observed in the Cur + Adr combination,

reinforcing  the  enhanced  apoptotic  effect.  These  findings  indicate  that  both  single  and

combined drug administration modulate apoptotic and survival pathways, with the Cur + Adr

combination showing the most pronounced effect in promoting apoptosis in WERI-Rb-1 cells.

Statistical significance is denoted by asterisks, confirming the substantial differences between

groups.

Figure 7.  The figure presents the protein expression levels of Caspase-3 and P53 in WERI-

Rb-1  cells  after  72  hours  of  treatment  with  Control,  Curcumin  (Cur)  IC50:  64.6  μM,

Adriamycin (Adr) IC50: 56.9 nM, and their combination (Cur + Adr). The left panel displays

Western blot analysis, where β-Actin serves as a loading control. Caspase-3 and P53 protein

levels show increased expression in all treatment groups compared to the control, with the

highest expression observed in the Cur + Adr combination,  indicating enhanced apoptotic

activation.  The  right  panel  quantifies  relative  protein  expression,  demonstrating  a  time-

dependent increase in Caspase-3 (red) and P53 (blue) levels across the treatment groups. The

Cur + Adr combination exhibits the most significant upregulation, suggesting a synergistic

effect  in  promoting  apoptosis.  These  findings  indicate  that  Curcumin  and  Adriamycin,

individually  and in  combination,  significantly  enhance  apoptotic  signaling  in  WERI-Rb-1

cells by increasing Caspase-3 and P53 protein expression levels after 72 hours.



Figure 8. The genetic interaction map illustrating the role of Curcumin and Adriamycin in

inducing apoptosis in WERI-Rb-1 retinoblastoma cells. Curcumin (orange) and Adriamycin

(orange)  influence  apoptosis  through  the  upregulation  of  P53  and  Caspase-3.  P53  (red)

activates mitochondrial apoptosis, leading to Caspase-3 activation, a key event in apoptosis

execution.

Caspase-3 (red) plays a central role in the apoptosis cascade by triggering programmed cell

death.  Survivin  (blue)  is  downregulated,  reducing  its  anti-apoptotic  effect  and  enhancing

apoptosis.  Final  apoptosis  execution  (red)  results  from  these  molecular  interactions,

confirming the pro-apoptotic synergy of curcumin and adriamycin.


